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Abstract
There is growing interest in the development of an engineering process by which dentin
stem/progenitor cells can predictably proliferate, differentiate and produce mineralization
nodules in cell culture. The engineering of 3D scaffolds could then be used to aid in proliferation
and differentiation of these progenitor cells to aid in regeneration of the pulp/dentin complex in
vivo.
In the present study, the goal was to characterize the MDPC-23 cell line and its behavior
during proliferation. The cells in culture reach high numbers upon reaching confluence. When
cells are growing in multilayers, as will occur in planned dentin regeneration experiments, it is
difficult to accurately establish the cell number. DNA content can be used to determine cell
number, but the correlation between cell number and DNA content for MDPC-23 cells needs to
be validated.
We designed three experiments to establish growth curves and cell doubling time for the
MDPC-23 cell line and finally to correlate cell numbers to DNA content in the MDPC-23 cell
line. In the initial experiment to characterize cell growth, MDPC-23 cells number was plotted
over a time period of 11 days. In the second experiment MDPC-23 cell growth was monitored
for 11, with cell numbers counted manually using a hemocytometer. The cells from each time
point were also used to measure the DNA content using fluorescence. The third experiment had
more refined methods using a TC10™ automatic cell counter and then plotting these numbers to
obtain the MDPC-23 growth curve. The cells were also used for DNA content calculation using
the same dilution factor of 80x for all DNA samples.
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The cell doubling times for two MDPC-23 cell cultures in Experiment #1 were 1.02 days
and 1.12 days. In Experiment #2 the MDPC-23 cell doubling time was 0.94 days and for
Experiment #3 it was 0.90 days. The average cell doubling time for all three experiments was
0.996 +/- 0.095 days.
The cell numbers and DNA content in Experiment #2 were not closely correlated
(correlation coefficient of R2 = 0.875). The cell numbers and DNA content for Experiment #3
were closely correlated with a correlation coefficient of R2 = 0.98.
The MDPC-23 cell line has a typical S-shaped growth curve. This study confirmed the
null hypothesis that MDPC-23 cell numbers as determined by cell counting closely correlate to
DNA content.

v

1.0 Introduction
1.1

Dental Caries: Current Therapies and Challenges
Dental caries remains the most common chronic disease of children and the elderly in

both developing and industrialized countries (Cardeiro et al. 2008, Petersen et al. 2005).
According to the World Health Organization, oral health is still a major public health problem
worldwide (Petersen 2008, Wang et al. 2010). Pain and loss of productivity at school and work
are sequellae of untreated dental caries (tooth decay). The most common treatment of dental
caries involves mechanical removal of affected dental tissues, enamel and dentin, and placement
of direct dental restorations (amalgam fillings, resin composite fillings, porcelain inlays or
onlays). If the carious lesion is advanced, in some situations pulp capping is the treatment of
choice. Pulp capping is an alternative procedure to root canal treatment that preserves the
vitality of potentially infected pulp tissue using chemicals such as calcium hydroxide, mineral
trioxide aggregate (MTA) or beta tricalcium phosphate (TCP).
The longevity of dental restorations has been extensively studied (Goldberg et al., 2006).
Microleakage and degradation of restorative materials over time are just some of the problems
arising from these procedures (Tonomura et al., 2010). Bacterial infiltration due to microleakage
can lead to more problems including inflammation, infection and secondary caries (Tonomura et
al., 2010). These synthetic materials erode and degrade over time and mechanically do not
match the natural tooth structure they are replacing, leading to additional problems.
Novel research has been focusing on regeneration of dental tissues as an alternative to
traditional restorative treatments. Regeneration of dental pulp tissue has been the focus of many
previous studies (Balic et al. 2009, Balic et al. 2005, Cardeiro et al. 2008). However, study of
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dentin regeneration has not been extensive, even though dentin comprises the greatest amount of
tooth structure and would have a potentially significant impact on dental treatment. Even when
experimentally successful, dentin regeneration produced dentin that was not physiologically
normal (tubular) dentin.
Physiological tubular dentin matrix is secreted by elongated odontoblasts (Mina et al.
2004). Odontoblasts, located at the periphery of dental pulp, are highly specialized tall columnar
cells secreting dentin. Dentin, the most abundant tooth tissue, is composed of mostly mineral but
also contains collagen and noncollagenous proteins. Dentin phosphoprotein (DPP) and dentin
sialoprotein (DSP) are noncollagenous proteins involved in dentin formation and mineralization
(Liu et al. 2006). Type I collagen is a major constituent of the organic matrix of dentin (86-90%)
(Mina et al. 2004). Collagen provides a scaffold for mineralization, while noncollagenous
proteins initiate and regulate the process of mineralization (Liu et al. 2006).
Postmitotic odontoblasts are dentin-secreting cells that remain active throughout the life
of the tooth and secrete primary and secondary dentin (dentin formed after completion of root
formation). While dentin is unable to undergo remodeling, odontoblasts are capable of
responding to an injury (Mina el al. 2004). If the damage is reversible and odontoblasts survive
they secrete reactionary (tertiary) dentin. If the damage is irreversible, odontoblasts are replaced
by a second generation of odontoblast-like cells that secrete atubular reparative dentin matrix
(osteodentin) (Mina et al. 2004, Tziafas 2004, Sloan et al. 2009).
One approach to utilizing regeneration in dentistry is seen with deciduous tooth
pulpotomies. Pulpotomy is indicated to prevent premature loss of the primary tooth by removing
only the coronal aspect of pulp tissue while preserving the pulp in the roots. It is performed in
carious primary teeth with normal pulp or teeth with reversible pulpitis or after traumatic pulp
2

exposure (Srinivasan et al. 2011). For decades, the gold standard for pulpotomy treatment has
been formocresol. Formocresol, due to its high toxicity and potential carcinogenicity, has been
potentially linked to nasopharyngeal cancer, nasal and paranasal sinus carcinoma and also
leukemia in humans (Srinivasan et al 2011). Formocresol has no reparative ability and acts as a
fixative. Thus, formocresol is being replaced with materials that have the potential to stimulate
regeneration, like mineral trioxide aggregate (MTA) to treat deciduous teeth.
MTA has been indicated for pulp capping, pulpotomy and root end closures and approved
by the FDA for use in endodontics in 1998 (Roberts et al., 2008). MTA, first introduced in 1993
by Torabinejaad, is derived from Portland cement. It is a mixture of refined Portland cement and
bismuth oxide, which gives it opacity, and contains trace amounts of SiO2, CaO, MgO, K2SO4,
Na2SO4. Portland cement contains dicalcium silicate, tricalcium silicate, tricalcium aluminate,
gypsum and tetracalcium aluminoferrite. MTA in deciduous teeth has been shown to stimulate
cytokine release from bone cells, actively promoting hard tissue formation rather than being inert
while maintaining integrity of pulp (Srinivasan et al 2011). Clinical applications today include:
pulp capping in primary teeth, pulpotomy dressing in primary and permanent teeth, root-end
filling material for apicoectomy, root repair material during root perforations, repair of horizontal
root fractures, external and internal root resorption repair and apexification/apexogenesis of
primary teeth.
The mechanism of action of MTA is induction of alkaline phosphatase, osteonidogen,
osteonectin, osteocalcin, and osteopontin in odontoblasts, which results in hard tissue bridge
formation. MTA has been shown to initiate hard tissue formation within 2 weeks with minimal
inflammation (Guven et al. 2011). MTA supports healing of the pulp by protection and providing
calcium ions necessary for mineralization (Guven et al. 2011). MTA is thought to also induce
3

dentin regeneration by inducing periodontal fibroblasts to secrete BMP-2 and TGF-ß1 (Guven et
al. 2011). Currently available on the market are ProRoot MTA (Dentsply Endodontics, Tulsa,
OK, USA) and MTA Angelus (Srinivasan et al 2011). Even though the results with MTA are
encouraging, there are still questions about its effectiveness in regeneration. This is another area
where regeneration of dental tissues could be useful.
The most widely used direct restorations are resin composites. Regeneration of dental
tissues could also be useful as an alternative or a supplement to the widely used direct restorative
materials, such as resin composites. This class of materials is not ideal as resin composites
degrade in the oral cavity over time (Hashimoto et al., 2000). Their durability is dependent on
the stability of the resin-dentin bond. In the in vivo study by Hashimoto, the resin-dentin bond
was investigated after aging in the oral environment for 1, 2 or 3 years. Not only was the
degradation of resin composite present, but also collagen fibril depletion was observed among
aged specimens (Hashimoto et al., 2000). Today, there are many adhesive systems present in
dentistry that are either etch-and-rinse or self-etch based. They all rely on micromechanical
interlocking of composite material with collagen fibrils of dentin. But dentin-resin bond has not
been durable due to the presence of endogenous collagenolytic enzymes called matrix
metalloproteinases (MMPs) that are fossilized within the mineralized dentin and can be released
and activated during bonding procedures (Tay and Pashley 2004). This hydrolytic degradation of
the resin-collagen hybrid layer has been shown to occur in the absence of salivary and bacterial
enzymes (Tay and Pashley 2004). To prevent this from occurring, 0.2% chlorhexidine solution
has been used to inhibit MMP-2, MMP-8 and MMP-9 (Tay and Pashley 2004). It has been
further shown that pre-treatment of the tooth preparation with chlorhexidine prior to
implementation of etch-and-rinse technique could preserve collagen fibrils within the hybrid
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layer (Tay and Pashley 2004). Dentin regeneration might also be able to address concerns with
dentin bonding.
1.2 Regeneration of Physiological Dentin
One necessary goal of dentin regeneration research is to create a biomaterial scaffold
with odontoblast inductive properties that could be placed in excavated carious tooth
preparations to promote regeneration of tubular dentin in sufficient volume in order to reduce or
eliminate the need for traditional restorative materials (fillings) while maintaining tooth vitality
and health.

Figure 1: Class I defective resin composite restoration tooth #31 with all 4 walls that would
benefit from in vivo tubular dentin regeneration.
The formation of tubular regenerative dentin by odontoblast-like cells derived from
progenitor cells is influenced by the geometric architecture of the supporting scaffold matrix and
the chemistry of functional groups bound to the scaffold. One category of the synthetic scaffolds
that could be considered is based on polylactic acid polymers. These scaffolds will need to be
evaluated in vitro using a well-characterized odontoblast cell line or primary cells. The
regenerative scaffold placed into the tooth preparation would modulate dentin regeneration. This
could then be considered a permanent restoration with the benefits of avoiding more invasive
5

dental procedures like root canals and crowns. Partial regeneration would also be possible to
ensure a more conservative preparation for a smaller restoration preserving more tooth structure.
This regenerative dentistry would completely change the way dentistry is practiced. As with any
new treatment, case selection would be critical starting with smaller cavities and then
progressing to investigate the effectiveness and efficacy of this bioengineering in dentistry in
larger cavities and ultimately on a larger scale.
1.3 Odontoblast Cell Line
One cell type that could be used in the in vitro evaluation of scaffolds for dentin
regeneration is the immortalized odontoblast-like cell line MDPC-23. It was originally derived
from 18-19 day old CD-1 fetal mouse molar dental papillae. The cells have been described
previously to be epithelioid with processes and are capable of expressing and secreting dentin
sialoprotein (DSP) and dentin phophoprotein (DPP) in culture (Hanks et al. 1998).
The use of a cell line offers a pure population of odontoblast-like cells that would behave
in a consistent manner in culture, whereas with a primary cell population, particularly from the
dental pulp, cells may differentiate to odontoblasts as well as osteoblasts, making it difficult to
distinguish which cells are responsible for differentiation and subsequent mineral production.
The MPDC-23 cell line has many advantages for the present application; it has been used in
many studies, it is readily available and immortalized. While these cells are an immortalized
population, they do not consistently express odontogenic genes/proteins in culture.
Dentin Sialophosphoprotein (DSPP) is an odontoblast-specific gene that codes for two
proteins, dentin sialoprotein (DSP) and dentin phosphoprotein (DPP). DSPP is also expressed in
bone, although in much lower quantities. It plays a critical role during dentinogenesis and
formation of predentin matrix. If after induction, there is increased DSPP expression, one can
6

confirm ability of the cell culture to differentiate (Dissanyaka et al. 2011). The products of
differentiation of odontoblast cells are mineralization nodules.
In a more recent study of the MDPC-23 cell line by Rodriguez et al. (2009), it was
found that DSP expression was not induced in an in vitro environment. In vivo conditions of
mouse-implanted diffusion chamber showed positive expression of DSP. These are special cells
that have morphological and phenotypic characteristics of differentiated odontoblasts and
express DSP in vivo. In diffusion chamber in vivo experiments, MDPC-23 cells expressed DSP
in addition to type I collagen, ostecalcin and osteopontin (Rodriguez et al., 2009). These
findings are very useful to fully characterize the behavior of the MDPC-23 cell line to be able to
apply it in dentin regeneration experiments in vivo.
1.4 Growth Curves
An initial step in the characterization of a cell line for use in the evaluation of tissue
engineering scaffolds would be generation and characterization of its growth curve. The growth
curve allows calculation of lag time and cell doubling time. In eukaryotic cells, the cell cycle has
4 stages: S and M phase and preparatory G1 and G2 phases. DNA is replicated during the S
phase. During the M phase replicated chromosomes are segregated into 2 daughter nuclei via
mitosis. G1 precedes the S phase, and G2 precedes the M phase. During these preparatory phases
cellular components necessary to complete the upcoming phase are replicated. They can have
varying time lengths, and Tc (cell doubling time) depends on G1 length as it accounts for the
difference in Tc between different cell types or between the same cells growing under different
conditions (Andreeff et al. 2000).
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The proliferation rates depend on three parameters: 1. Rate of cell division/ cell doubling
time (Tc), 2. Fraction of cells undergoing division in the given cell population, and 3. Cell death
and cell loss due to terminal differentiation.
Cells growing in culture have 3 stages: Lag Phase, Log phase and Plateau Phase (Figure
2). Lag phase usually lasts only a few days, with little increase in cell numbers. Here, cells are
undergoing enzyme and cytoskeletal changes. In the Log phase, cell numbers increase
exponentially provided critical cell media and nutrition are plentiful. Cells eventually plateau
during the last phase where cell numbers remain constant. In monolayer culture, cells cease to
divide when they reach confluency demonstrating contact inhibition.

Figure 2: Eukaryotic Cell Growth Curve as adopted from Dr. William H Heidcamp, Gustavus
Adolphus College, St. Peter, MN Laboratory Manual
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Determing the growth curve for the MDPC-23 cell line is a very important step to fully
characterize this cell line and its behavior during the proliferation phase before proceeding to
differentiation and mineral production experiments.
As cells proliferate in cell culture the accurate cell numbers are more difficult to obtain as
cells become confluent and become multilayer cell culture. This becomes a serious problem with
tissue engineering applications where a large volume of cells will be grown in 3D scaffolds.
Traditional cell counting methods will not work. Therefore, it is necessary to validate an
alternative method to traditional cell counting. DNA content could be a valid approach for
calculating cell numbers in multilayer cell culture.

2.0 Hypotheses

The null hypothesis:
During proliferation of MDPC-23 cells, cell number and DNA content are highly
correlated and therefore, DNA content could be used as a measure of proliferation when cell
number cannot be determined.
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3.0 Specific Aims
The aim of this study is to characterize the MDPC-23 murine odontoblast cell line by
measuring proliferation in anticipation of further tissue engineering experiments.
This initial project will characterize MDPC-23 murine odontoblast stem cell line by
plotting and then evaluating growth curves of the cell line and also calculating cell doubling
time. The growth curve plotted from counting cell numbers will then be correlated to growth
curves determined by DNA content to validate use of DNA content as a measure of cell number.
Once established, this correlation will be used in future experiments of 2D and 3D
models of odontoblasts and various scaffolds for tissue engineering (Appendix 2). Proliferation
will be related to differentiation and mineralization in these experiments. The future work will
assess cell differentiation in 2-D topographic models by varying chemistry and architecture of
scaffolds and evaluating mineral production during differentiation experiments (Appendix 2).
This type of dental research is needed to fully understand the behavior of odontoblast-like
cells in vitro, to subsequently develop clinically meaningful regenerative in-vivo treatment
modalities.
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4.0 Materials and Methods:
4.1 Preparation of Cell Cultures
The MDPC-23 cells (courtesy of Dr. Hanks and Dr. Nor from University of Michigan,
Ann Arbor, MI) were thawed and cultured in proliferation medium containing Dulbecco’s
Modified Eagles Medium (DMEM, Gibco, Invitrogen) supplemented with 10% heat-inactivated
fetal bovine serum (FBS) (HyClone, Logan), 100 units/ml penicillin and 100 ug/ml streptomycin
(GIBCO, Invitrogen Corp., Carlsbad, CA, USA) and maintained in a humidified atmosphere of
5% CO2 and 95% air at 37°C. The cells were maintained at University of Connecticut Dr. Mina
Mina’s lab in collaboration with Ms. Barbara Rogers.
The cells were maintained in a large petri dish using proliferation media. The medium
was changed every 2 days and the cultures were split every 3 – 4 days, the time they reached
near confluence. The old media was suctioned out with a sterile pipette, and the cells were rinsed
with 10ml of PBS solution to remove any non-adherent cells. PBS solution (pH 7.4 1X , Gibco
by Life Technologies) was removed and 1ml of 0.05%- trypsin-0.5mM EDTA was used to
detach all attached cells by incubating them for 2 min at 5% CO2 and 95% air at 37°C. The cells
were rinsed with 3ml proliferation media, spun for 3min at 1200 rpms in a centrifuge (Centra
CL3R IEC, 24°C, 215 Rotor). The cell pellet was then re-suspended in 1ml of proliferation
media. Diluted cells (1:120 dilution [83ul]) were re-suspended into 10ml of fresh media. The cell
suspension was then dispensed into a new petri dish. All procedures were conducted in a sterile
reverse air flow hood.
4.2 MDPC-23 Cell Counts, Growth Curves and Doubling Time
The project involved three (3) separate experiments: 1. Initial experiment establishing
initial MDPC-23 growth curves 2. Second experiment relating growth curves to DNA content
using MDPC-23 cells with manual cell counting and then correlating cell numbers and DNA
11

content, and 3. Third experiment relating growth curves to DNA using a standard dilution and an
automatic cell counter and then correlating these cell numbers to DNA content.
The initial experiment entailed counting cell numbers during the proliferation stage of
MDPC-23 cells from Day 1-Day 11 of the experiment and comparing two growth curves on both
linear and logarithmic scales. In the second and third experiments, in addition to the MDPC-23
growth curves established by counting cell numbers, DNA content was measured and correlated
to cell numbers.
In each experiment, MDPC-23 cells were plated onto tissue culture plastic (TCP) 6-well
plates (BD Falcon, Fisher) in triplicate at a density of 15,000 cell/cm2 and incubated at 37oC and
5% CO2. The cells for all experiments were seeded with 14.25 x 104 cells in each well of the 6
well plate for each data point. The data points were as follows: Day 0 (seeding day), Day 1, Day
3, Day 4, Day 5, Day 6, Day 7, Day 9 and Day 11. The proliferation medium was changed daily.
The DNA content cell samples were frozen at -80°C and DNA content analysis was completed at
the end of the whole experiment when all samples were available.
To count the cells the old media was suctioned out with a sterile pipette, and the cells
were gently rinsed with 10ml PBS solution to remove any non-adherent cells. PBS solution was
suctioned and 1ml of 0.05% trypsin-0.5 mM EDTA was used to detach all attached cells by
incubating them for 2 min in 5% CO2 and 95% air at 37°C. The cells were diluted in
proliferation media in the a proper dilution and counted using a hemocytometer.
To count the cells, 100ul of cells in suspension were removed and added into a sterile
Eppendorf tube. Trypan blue 100ul was added and mixed gently. Then, 10 ul of the mixture was
placed on a clean and dry hemocytometer beneath the coverslip. The cells counts were obtained
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for each of the 4 squares. In the last experiment (Experiment #3, passage 2), cells were counted
using a TC10™ Automatic Cell Counter (BioRad).
The number of cells/ml was obtained using the following formula:

# of cells counted x 2 (dilution factor) x 104
4 (number of squares used)

The total number of cells was then calculated by multiplying the number of cells per ml
of suspension and then multiplying it with the total volume of the cell suspension.
Cell doubling time is calculated by using the general formula that describes the cell
growth:
A= A0 2n
where A is the number of cells at any time, and A0 is the initial cell number and n is the
number of cell divisions that have taken place.
The value of n can also be described as:
n= T/Tc
where T is elapsed time and Tc is the doubling time of the cell.
By taking the natural log of both sides, one can solve for the Tc (cell doubling time) by
using the following formula:
Tc= 0.5T / log (A/A0)
4.3 DNA Quantification of the MDPC-23 Cell Cultures Using Quant-iT™ dsDNA Reagent
The Quant-IT™ PicoGreen reagent is an ultrasensitive fluorescent nucleic acid stain that
quantifies double stranded DNA (dsDNA) in solution with 400-fold higher sensitivity when
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compared to the gold standard Hoechst 33258-based assay. The PicoGreen method uses standard
spectrofluorometer and fluorescein excitation and emission wavelengths (excitation at 485nm,
fluorescence emission at 520nm). Using a fluorescence microplate reader, this assay can detect
as little as 250pg/ml dsDNA (50pg in 200uL assay volume). This assay minimizes contributions
of RNA and single stranded DNA (ssDNA) to the fluorescence (Invitrogen Molecular Probes
Quant-IT™ PicoGreen Reagent Manual). All samples of cells for DNA quantification were
prepared in triplicates, including samples of DNA standards.
4.4 DNA Standard Curves
DNA standard curves are used to determine the concentration of DNA in the cells based
on the absorbance at 260nm (A260). Usually, for the standard DNA, bactriophage lambda or calf
thymus DNA is used and then diluted in Tris-EDTA (TE) buffer to obtain a working solution
with a concentration of 2ug/ml.
Table 1: Preparation of DNA Standard Curve Samples.
Volume (ul) of TE

Volume (ul) of

Volume (ul) of

Final DNA

buffer

2ug/ml DNA stock

diluted Quant-iT™

concentration in

PicoGreen Reagent

Quant-iT™
PicoGreen Assay

0

1,000

1,000

1ug/ml

900

100

1,000

100ng/ml

990

10

1,000

10ng/ml

999

1

1,000

1ng/ml

1,000

0

1,000

blank

All 5 DNA standard samples (100ul each) were loaded into a 96-well plate reader and
100ul of Quant-iT™ PicoGreen® reagent was added and incubated at room temperature for 2-5
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min. Readings were performed using fluorescence microplate reader (SpectraMax Gemini EM
by Molecular Devices). Fluorescence values of the reagent blank were subtracted from each of
the five DNA standard samples and corrected values were then plotted to generate five point
DNA standard curves of the relative fluorescence versus DNA concentration for both
experiments #2 and #3, Figures 7 and 13, respectively.
4.5 DNA from MDPC-23 cells
To prepare MDPC-23 cell samples for DNA analysis, Papain Digestion Solution was
prepared as follows: 50mM phosphate buffered solution stock (pH 7.4), 2mM N-acetyl-Lcysteine, 5mM EDTA, and 25ul/ml papain. Papain Digestion Solution was added to each well
containing cell samples (1ml per well of 12 well plate) for each data point: Day 1, Day 3, Day 4,
Day 5, Day 6, Day 7, Day 9 and Day 11. Samples were incubated at room temperature for 10
min.
Using a sterile scraper, all cells were scraped from each well surface and using a pipette
tip, samples were transferred into pre-labeled 2ml microcentrifuge tubes. Samples were then
incubated overnight in a water bath at 65°C.
On the following day, the PicoGreen kit was warmed up to room temperature for 15 min.
A 20X stock TE (10mM Tris-HCL, 1mM EDTA, pH 7.5) buffer was diluted to 1X TE buffer
with sterile, distilled, DNase-free water. The 1X TE buffer was then used to dilute the PicoGreen
reagent and DNA samples.
To prepare the Quant-iT™ PicoGreen Reagent Working Solution, a 200-fold dilution of
concentrated DMSO solution was obtained by diluting concentrated DMSO in TE buffer and
covering it with foil to prevent photodegradation. The diluted DMSO was later added to each
well sample in the amount of 100ul. However, for the samples Day 6, Day 7, Day 9 and Day 11,
15

a 20 X dilution of samples and their standards was used in experiment #2 to ensure that DNA
concentrations in all samples were within the upper limits of the standard DNA curves thus
ensuring a more accurate measure of DNA content. Exceedingly high DNA concentration in
samples could negatively affect the fluorescence measurements. In experiment #3, all samples
(Day 1- Day 11) were diluted with same dilution factor (80X) to ensure equal treatment of all
samples in the experiment.
Sample analysis was then performed by pipetting 100ul of the sample DNA solutions in
TE 1X buffer into a well of a 96 well plate (Corning Incorporated, Corning, NY), then 100ul of
Quant-iT™ PicoGreeen Reagent was added to a final volume of 200ul and incubated for 5 min at
room temperature protected from light. The fluorescence of the samples and standards was then
measured. The fluorescence value of the reagent blank was then subtracted from each of the
samples. DNA concentration of the samples was then determined from the DNA Standard Curve.
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5.0 Results:
The growth curves in the initial Experiment #1 (culture #1 and #2) were plotted for linear
and log models. They were both typical S-shaped curves. Linear and logarithmic sale growth
curves for Experiment #1 were plotted as shown in Figures 3 and 4, respectively.

10^4 Cells

Experiment #1
MDPC 23 Linear Growth Curve
1400
1200
1000
800
600
400
200
0

Culture 1
Culture 2
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8

9

10 11 12

Days

Figure 3: Experiment #1 MDPC-23 linear growth curve during 11 days
in cell culture, culture #1 and #2.

Experiment #1
MDPC 23 Log Growth Curve
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Figure 4: Experiment #1 MDPC-23 cell log growth curve during 11 days
in cell culture, culture #1 and #2.
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From the linear growth curve, cell doubling time (Tc) was calculated as shown in Table 2
below for 1st experiment MDPC-23 Culture #1, where cell doubling time (Tc) was determined to
be 1.02 days (Table 2).

Table 2: MDPC-23 cell doubling time (Tc) calculation.
Cell doubling time has been calculated for each of the three experiments. The cell
doubling time for MDPC-23 Experiment #1 growth curve was 1.02 days for Culture #1 and 1.12
days for Culture #2. For Experiment #2, cell doubling time was 0.94 days and for Experiment #3
was 0.90 days. These were then averaged and with an average cell doubling time of 0.996 +/0.095 days.
In Experiment #2 MDPC-23 cell numbers were counted and correlated to DNA content.
The plotted cell numbers produced a growth curve that was not uniformly S-shaped. This could
be due to dilutions during the counting being different for all data points (Figures 5 and 6). The
log growth curve for Experiment #2 was more consistent with the shape of a typical growth
curve (Figure 6). All MDPC-23 cells were manually counted using a hemocytometer and Trypan
blue stain.
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Figure 5: Experiment #2 MDPC
MDPC-23 cell linear growth curve during 11 days in cell culture
manually counted.
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Figure 6: Experiment #2 MDPC--23 cell log growth curve during 11 days in cell culture
cu
manually
counted.
The DNA standard curve for Experiment #2 was plotted from data obtained from the
spectrofluorometer (Figure 7).
). Since a 96-well plate
ate could only hold one half of the total number
of samples, two standard curves were obtained corresponding to Samples Day 1--Day 5 and Day
6-11.
11. The corresponding equations were used to calculate DNA concentration in ng/ml after
subtracting
tracting background fluorescence and multiplying the concentration with the appropriate
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dilution factor (Table 2). Samples from Day 6-Day 11 had a dilution factor of 20 due to the large
number of cells at the later time points. Figure 8 shows MDPC-23 cell DNA content curve
during 11 days in culture.
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Figure 7: Experiment #2 DNA standard curves.
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Figure 8: Experiment #2 MDPC 23 DNA content curve during 11 days in culture corresponding
to Table 2 in the Appendix 1.
DNA concentration and cell numbers for Experiment #2 were compared as a function of
time and they did not follow a similar trend (Figure 9). DNA concentration and cell numbers
were then correlated producing a correlation coefficient of 0.875 (Figure 10).
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Figure 9: Experiment #2 MDPC-23 DNA concentration and cell number as a function
of time after 11 days in culture.
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Experiment #2 MDPC-23 Cell Number vs.
DNA Concentration
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Figure 10: Experiment #2 MDPC-23 DNA concentration vs. cell number correlation.

The third experiment was done to correct the low correlation coefficient between the cell
numbers and DNA content in the 2nd experiment and also to correct the inadequate dilution of the
DNA samples for the DNA analysis. One strategy to achieve this was to dilute all samples in the
same manner so that the dilution factor was consistent for all cell counts and also for DNA
analysis. Experiment #3 MDPC-23 growth curve and its Log curve are shown in Figures 11 and
12. The cells in this experiment were counted using TC10™ Automated Cell Counter (BioRad).
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Figure 11: Experiment #3 MDPC-23 growth curve during 11 days in cell culture
counted with TC10™.
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Figure 12: Experiment #3 MDPC-23 log growth curve during 11 days in cell culture
counted with TC10™.
In Rxperiment #3, DNA standard curves were plotted and equations for standard curves 1
and 2 were used to calculate DNA concentration for each data point.
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Figure 13: Experiment #3 DNA standard curves.
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Figure 14: Experiment #3 MDPC-23 cell DNA content curve, after 11 days in culture
corresponding to Table 3 in Appendix 1.
DNA concentration and cell numbers were then correlated as a function of time showing
they both follow a very similar trend (Figure 15). Then, DNA concentration and cell numbers
were correlated resulting in a high correlation coefficient of 0.981 (Figure 16).
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Figure 15: Experiment #2 MDPC-23 DNA concentration and cell number as a
function of time after 11 days in culture.
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Experiment #3 MDPC-23 Cell Number vs.
DNA Concentration
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Figure 16: Experiment #3 MDPC-23 cell DNA concentration vs. cell number
correlation.
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6.0 Discussion
The growth curves of MDPC-23 cells in tissue culture have a typical S-shape when
plotted on linear coordinates and a linear shape when plotted as log of cell number vs. time on a
logarithmic scale. The growth curves have the standard appearance of logistic function with cells
eventually tapering off in proliferation rate between day 7 and day 9. MDPC-23 cells reached
confluence by day 3 but they kept proliferating with ample fresh media. Eventually cells did run
out of space becoming a multilayer culture and thus their numbers tapered off. Some started
dying at later time points as evident by cell counts using Trypan Blue dye. The cell numbers
were plotted as both arithmetic and log curves depicting both linear and log relationships,
respectively. The overall growth curve shape for MDPC-23 odontoblast-like cells in this
experiment compares favorably with growth curves from an initial article on MDPC-23 cell line
by Hanks et al. (1998).
Direct visual cell counting using a hemocytometer is an inexpensive simple method to
determine cell numbers (Quent et al. 2010). Advantages of the hemocytometer are low cost,
direct counting, no need for elaborate equipment and the ease of use. Disadvantages include need
to obtain a single cell suspension per sample and there could be operator error and operator
variability. It is also a time consuming effort. The cell suspension needs to be distributed
uniformly to prevent clumping and skewing of the numbers.
Counting cells with the TC10™ automatic cell counter using capillary-filled disposable
loading chambers removes subjectivity between users by applying algorithms to identify cells,
disaggregate clusters and reject debris (Hefner et al., BioRad 2010). Automated cell counting has
been shown to have smaller counting variation percentage when compared to hemocytometer
counting (Hefner et al., BioRad 2010) and increased precision by eliminating human subjectivity
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with the counting algorithm. The MDPC-23 cell growth curve for Experiment #3 when
automatic cell counts were done appears more uniform and smoother as compared to Experiment
#2 cell growth curve where cell counts were done manually (Figures 5 and 11, respectively).
The PicoGreen assay has its own advantages and disadvantages. PicGreen cost is only 33
cents per test, it is dsDNA specific and is a very sensitive and highly reproducible test. A DNA
standard is provided in the kit. Even though it has direct correlation with the cell number, by
itself it can only approximate cell numbers. The disadvantages of using PicoGreen assay include
signal quenching and need for using black plates as samples have to be protected from light
(Quent et al. 2010). Signal quenching occurs due to short-range interactions between the
flurophore and its local environment (Invitrogen Molecular Probes® Handbook).
PicoGreen reagent can’t penetrate cell membranes thus DNA must be released with a
lysis reagent. Extracellular matrix proteins do not interfere with PicoGreen signals but salts like
NaCl and MgCl2 reduce fluorescence signals by 30%. Bovine serum albumin increases the
fluorescent signal by 16% and phenol and triton X-100 increase signals by 13% and 7%
respectively (Quent et al. 2010).
The cell doubling time, Tc, is the time it takes to complete a cell division cycle. In our
experiment Tc (cell doubling time) varied somewhat from Experiment 1 through Experiment 3.
These doubling times were then averaged, with an average cell doubling time of 0.996 +/- 0.095
days.
During the DNA quantification part of the study in Experiment #2, it was important to do
a preliminary study to determine the correct dilution for later time point samples to ensure DNA
amounts were within the limits of the standard curve. Figure #8 depicts the problem: with no
dilution for early data points (Days1, 3, 4 and 5) there is not much difference in the amount of
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DNA found in the samples. In the later time points (Days 6, 7, 9, and 11) the dilution factor was
not adequate (only 20X) and DNA concentrations were at the upper limit of the DNA standard
curve and there was not much difference between the samples in the amount of the DNA. This
problem was then corrected in Experiment #3 where dilutions were consistent throughout (80X
dilution) enabling consistent data input and then output. Even though, theoretically, the dilution
factor should be accounted for in the calculation, in this study, different dilution factors made a
significant difference in the correlation coefficient between cell numbers and DNA content
(Experiment #2 R2 = 0.875 vs. Experiment #3 R2 = 0.981).
The results in Experiment #3 show a very high correlation between the growth curves of
MDPC-23 cell numbers and DNA content for the cells at specific time points (correlation
coefficient is 0.981).
In the last experiment, Experiment #3, proliferation rates were increasing from Day 1 to
Day 9, peaking at Day 9. At Day 11 there was a decrease in the total cell number. This could be
due to cells running out of space and possibly even starting to die off. This is consistent with
growth curve data in experiments by Pereira et al. (2012).
Clinical implications of this study have to do with the cell behavior with respect to
proliferation rate. Proliferation rates of the MDPC-23 cell line would clinically impact the rate at
which the odontoblast stem cells within the 3D geometric scaffold would undergo differentiation
and mineral production and this would have an effect on the rate of maturation of the engineering
scaffold in vivo.
The goal of this research was to lay the groundwork for further studies to involve MDPC23 cell line in 2D scaffolds in vitro (Appendix 2) and then 3D biomaterial scaffold experiments
in vivo. Here, biological activity of pulp stem cells within the biomaterial scaffold would
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promote dental tissue regeneration while preserving tooth vitality when compared to traditional
restorative approaches. Dentin regeneration could be used clinically when there is loss of tooth
structure due to caries or in direct pulp capping procedures to stimulate dentin production around
the dental pulp horn area thus preventing the need for root canal treatment if the cells themselves
can repair the tooth. This approach, when successful, will change the way we manage and treat
dental disease.
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7.0 Conclusion
The typical S-shaped growth curve of the MDPC-23 cell line was confirmed.
The cell doubling time (Tc) for MDPC-23 for Experiment #1 growth curves was 1.02
days and 1.12 days. Tc for Experiment #2 was 0.94 days and for Experiment #3 was 0.90 days.
The average cell doubling time for all 3 experiments was 0.996 +/- 0.095 days.
The cell numbers and DNA content were found to be closely correlated with correlation
coefficient of R2 = 0.98.
This study confirmed the null hypothesis that MDPC-23 cell numbers can be accurately
measured by DNA content. Growth curves determined by counting cell numbers and by
measuring DNA content were comparable.
Proper dilutions applied evenly over all the samples made the difference in ensuring
proper DNA content data input and then output.
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Appendix 1

Table 3: Experiment #2 MDPC 23 DNA content samples data corresponding to Figure 7.

Table 4: Experiment #3 MDPC 23 DNA content samples data corresponding to Figure 11.
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Appendix 2

Future Steps:
Dewetting for Texture
Our goal for future research would involve dewetting of the thin films. In a tissue
engineering system, cell behavior is strongly influenced by the surface properties of the
biomaterial, including surface charge, chemistry and topography (Boyan et al. 1996). The goal in
synthetic scaffold preparation is for undifferentiated cells to attach, proliferate and differentiate
into the desired tissue type. Dewetting/crystallization of thin films can produce a textured surface
and can be used for nano-scale surface tissue engineering. Nano-scale topography is important in
the extracellular matrix and cell signaling.
Dewetting of thin polymer films is a dynamic process which depends on energies
between polymer/air or polymer/substrate. Initially polymer is spin coated onto the substrate.
When the polymer spreads over the substrate surface, the solvent evaporates leaving behind
glassy polymer. The film attains equilibrium when it is heated above Tg (glass transition
temperature) while dewetting the surface due to pressure gradient forming due to thermally
induced thickness fluctuations. In the case of semi-crystalline polymers, surface formation is
governed by both dewetting and by crystallization. On cooling below Tm (melting temperature),
crystallization can arrest dewetting and dominate film morphology.
Scaffolds play a crucial role in three-dimensional new tissue formation (Ma et al. 2001).
Polylactic acid (PLA) is a biocompatible and cytocompatible polymer scaffold with a long
history of use in medical devices. Proteins from cell culture media help cells adsorb onto PLA
surfaces. Bioactive functional groups attached to the PLA membrane promote cell attachment
36

and function. Polymers such as PLA are non-immunogenic, non-toxic and bioresorbable (Ma et
al. 2001). They are convenient as solid phase scaffolds or as injection and polymerization
solutions at the site of damage (Bonzani et al. 2006).
Unmodified PLA surfaces display poor adhesion and cell growth (Yu at al. 2005). Thus,
PLA can be chemically modified (Ro et al. 2008) with itaconic anhydride and neutralized with Li
acetate to prepare telechelic PLA ionomers. The incorporation of ions onto a surface was
previously shown to change the adsorption of proteins and thus the cell binding process (Boyan
et al. 1996). It may be possible to functionalize the PLA with a range of biomolecules like
cholesterol useful for controlling cell responses.

Cholesterol- PLA
Cholesterol is a fat soluble amphiphilic molecule that plays a very important role in
eukaryotic cell membranes. Cholesterol stabilizes membrane receptors that influence important
and complex pathways for biosynthesis, efflux, uptake and molecular transport. Cholesterol
makes fluid membranes more rigid, thus reducing passive permeability of molecules and
increasing mechanical durability of the lipid bilayer (Hwang et al., 2002).
Figure 17: Chemical structure of cholesterol as adopted from Zhou et al. 2009:
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Figure 18: Cholesterol encapped PLA structure as adapted from Zhou et al. 2009

Cell behavior can be influenced by cholesterol modified PLA surfaces (Ye et al. 2005).
Cell attachment, proliferation, cell activity and cell morphology have been studied in bone tissue
engineering (Yu et al. 2005 and Yu et al. 2006) but not in dentin tissue engineering. Thus,
MDPC-23 cell line behavior will be studied on PLA and Cholesterol-PLA surfaces.

Cell Culture Diferentiation Assay
The influence of the coated discs on differentiation will be evaluated with an in vitro
culture of MDPC-23 cells. The cells will be seeded onto 6-well plates, cultured to 70%
confluence and incubated in the induction medium (10nmol/l dexamethasone, 10mmol/l betaglycerophospate, 50ug/ml L-ascorbic acid phosphate, 10nmol/L 1,25 dihydroxyvitamin D3 and
10% FBS) for 1-4 weeks and stained with xylenol orange to check for mineral production.
Since alkaline phosphatase (ALP) is considered an early osteogenic marker, after 1 week
of induction cells will be fixed and stained for ALP (Sigma-Aldrich, Steinheim, Germany). After
2 weeks of induction cells will be analyzed by immunofluorescence for DSPP expression. After
4 weeks, cells will be fixed with 60% isopropanol for 20 min and stained for mineralization with
2% alizarin red stain.
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Preparation of Thin PLA and Cholesterol-PLA Films
The process of fabrication of cholesterol-PLA (Ch-PLA) films was performed and
described by Rubinder Kaur Lakhman, Graduate Research Assistant, Polymer Program, Institute
of Materials Science at University of Connecticut, Storrs.
Polylactide, PLA (Mw 148770, Tg 59.24°C, TM 165.88°C) was obtained from
NatureWorks LLC. Cholesterol end-functionalized PLA (Ch-PLA) was synthesized using ring
opening polymerization methods to give a narrow molecular weight distribution polymer using
SnOct2 as the catalyst and cholesterol as the initiator. Cholesterol and l,l lactide are dried
overnight in vacuum oven to remove traces of water. 1.1 Lactide, 2.592g (0.018 mol),
cholesterol, 386mg (0.001 mol), and SnOct2, 6mg (0.014 mmol) are taken up in a dried Schlenk
tube equipped with a stir bar. The Schlenk tube is degassed by applying a vacuum for 30 mins,
followed by purging with nitrogen. This is repeated three times to ensure high vacuum in the
Schlenk tube which is then immersed in an oil bath maintained at 150 °C. The reaction proceeds
for 12h and the solid product is dissolved in dichloromethane followed by precipitation in cold
methanol. The final product is obtained by filtration and drying in a vacuum oven overnight.
Films were prepared by spin coating a polymer solution on glass coverslips using SCS
Corp., Model P6700 spin coater. The glass coverslips were washed several times by immersion
and sonication, first in soap solution and then in distilled water for 20 minutes each time. The
discs were air dried and stored in covered polystyrene petri dishes. A 1% w/v solution of ChPLA
(-or C-PLA) in chloroform was spin coated onto a clean coverslip using a rotor speed of
3000rpm for 80 seconds.

39

Mineral Detection in Cell Culture on TCP, PLA and Cholesterol-PLA disks
The cholesterol coated PLA discs will be sterilized under UV light for 1 hour. The
MDPC-23 cells will be plated onto TCP (control), PLA and Cholesterol-PLA disks at a density
of 15,000 cells/cm2 and cultured in mineralization solution containing 100ug/ml ascorbic acid,
10mM ß-glycerophosphate and 10nM dexamethasone and incubated at 37oC and 5% CO2 for 14
days in 6-well plates. At 14 days and 21 days the discs will be imaged with a microscope
(Olympus IX50 inverted microscope) for mineralization nodules (Yao et al. 2011) after being
stained with von Kossa stain.
The common methods to visualize mineral in cell culture include von Kossa (VK)
staining and alizarin red S (ARS) staining. In both methods, cells need to be fixed prior to
staining, thus terminating the culture (Wang et al. 2006).
Von Kossa method is a non-specific Ca binding reaction, where silver ions bind anions of
calcium salts (phosphates, sulfates, carbonates). Silver salts are then reduced to produce dark
brown/metallic black silver staining. When doing von Kossa staining cells are fixed with 4%
paraformaldehyde in neutral buffer for 15min, washed with distilled water and then treated with
1% AgNO2 for 1hr, washed again in distilled water and treated wtih 2.5% sodium thiosulfate for
5 minutes. The specimens are then examined under the light microscope (Yao et al 2011.) .
Another way to do von Kossa staining is to fix cells in cold methanol for 15-20min and after
rinsing the fixed plates are incubated with 5% silver nitrate under UV light using 2 cycles of
auto-crosslink (1200mjoules X 100) in a UC Stratalinker (Strategene, La Jolla, CA). Mineralized
nodues are dark brown or black spots (Wang et al. 2006).
Alizarin red S stain reacts specifically with calcium cations to form a chelate. For alizarin
red S (Sodium alizarin sulfonate) staining, 2% alizarin red S (Sigma) is prepared in distilled
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water and pH adjusted to 4.1-4.3 using 0.5% ammonium hydroxide. Cells are fixed with 10%
formalin (15 min), washed and stained with alizarin red S for 10-15min. Then, the cells are
rinsed with distilled water and red spots are noted (Wang et al. 2006).
Two new methods that don’t require cell line termination are xylenol orange (XO) and
calcein blue. Xylenol orange (C31H28N2O12SNa4) and calcein blue (C15H15NO7) are both calciumchelating flurochromes that have specific excitation and emission wavelengths (xylenol orange
440/570 and 610nm and calcein blue 375 and 435 nm). Xylenol orange emits red fluorescent
color in the fluorescent microscope using TRITC Red filter (Chroma Technology, Rockingham,
CT), while calcein blue emits blue fluorescent color viewed with a Sapphire GFP filter (Chroma
Technology).
Xylenol orange can be added to living cells in vitro to mark the mineralized products of
cells. XO produces a red color when visualized under the microscope using a TRITC filter. XO
powder will be dissolved in distilled water and filtered to make concentrated 20mM stock
solution and stored at 4°C. XO can be added to living cells to a final concentration of 20mM for
4 hrs to overnight. XO –contating media can be replaced with fresh medium prior to
photography to avoid fluorescent background at day 14 and day 21.
Calcein blue powder (Sigma) is dissolved in 100mM KOH (diluted in distilled water) and
filtered to make 30mM stock solution, making sure the final concentaration in culture media is
30uM (Wang et al 2006). These concentrations of XO and calcein blue (20uM XOand 30uM for
CB) don’t alter cell viability, DNA content or mineralization in the cell cultures. In addition, CB
and XO can be used sequentially to distinguish old and new mineral deposition as shown
previously by Wang et al. (2006).
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